We utilize polarized neutron reflectometry (PNR) in consort with ab initio based density functional theory (DFT) calculations to study magnetoelectric coupling at the interface of a ferroelectric PbZr 0.2 Ti 0.8 O 3
Introduction
Magnetoelectric multiferroics (MFs), having the simultaneous occurrence of two ferroic order parameters (i.e. ferroelectric (FE) and anti/ferromagnetic), exhibit novel and exotic functionalities due to coupling between these parameters and show promise for new device applications. [1] [2] [3] The control of magnetism (electricity) via electric (magnetic) degrees of freedom nds application in magnetic random access memory, magnetic eld sensors and spintronic devices and can be exploited for device miniaturization. [4] [5] [6] However, single-phase multiferroics with large magnetoelectric (ME) coupling of the FM and FE order parameters that can operate well above room temperatures are rare. This is because of the mutually exclusive chemistry required for the existence of two order parameters. [7] [8] [9] To circumvent this limitation, ME multiferroic composites comprised of magnetic and FE phases are constructed; where ME effects are realized via cross-coupling between piezoelectric and magnetostrictive properties of the FE and FM layers respectively. 4, 5, 9 These heterostructures have an advantage over single phase multiferroics in that the ME coupling coefficient can be tuned by choosing FM layers with optimized magnetostrictive properties and enhanced Curie temperatures, and FE layers with excellent piezoelectric properties.
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In this article, we report ME coupling at the interface of La 0.67 Sr 0.33 MnO 3 (LSMO) and PbZr 0.2 Ti 0.8 O 3 (PZT) layers grown on a Nb-doped STO (001) substrate and investigate interfacial magnetism modulations by switching the ferroelectric polarization orientations in the PZT layer. Hole doped lanthanum manganites such as La 1Àx A x MnO 3 (A ¼ Sr, Ca, Ba) well recognized for their colossal magnetoresistance property exhibit varied phases as a function of hole dopant concentration and temperature, as they carry strong interplay between charge, lattice, orbital and spin degrees of freedom.
11-15 La 1Àx Sr x MnO 3 with x ¼ 0.33 is the optimum doped manganite owing to the half-metallic behavior and optimized spin polarization with relatively high Curie temperature (T C ¼ 360 K); which is manifested through dominant double-exchange mechanisms that delocalize e g electrons. [16] [17] [18] PbZr x Ti 1Àx O 3 the solid solution of PbZrO 3 and PbTiO 3 with x ¼ 0.2 was chosen in our experiments because of its high Curie temperature and large saturation polarization. 19, 20 For this reason, the LSMO/PZT heterostructure is considered as one of the best building blocks to fabricate ultra-low power spintronic devices that can be controlled with electric elds.
The methods of inducing and controlling magnetism across the interface of ferroelectric and magnetic layers in heterostructures have been profoundly studied in recent years since they are promising to replace energy consuming current controlled spin transfer torque (STT) memory devices.
21-23
Recent studies have shown that the interface magnetoelectric coupling persists from a few unit cells to tenths of nanometers. However, understanding the mechanism of magnetoelectric coupling across such length scales under device working conditions requires a combination of theoretical and noninvasive experimental probes. These probes can access both the local distribution and changes in the magnetic polarization with atomic resolution across tens of unit cells. The electronic reconstructions at atomic scales via electric eld induced strain coupled magnetism tuning in manganites, due to changes in electron hopping rates and associated changes in the atomic bond angles and lengths, have been widely studied.
5,24-29 Electric eld induced charge (electron-hole pairs) mediated coupling across FM/FE interfaces also alters the charge carrier concentrations at the FM oxide layers via an accumulation or depletion process depending on the direction of FE polarization. 30 The interfacial magnetism and thus ME coupling can be manipulated through changing the magnetic moments due to the ipping of spin ordering or orbital reconstruction, changing the exchange interactions (resulting in competition between different magnetic phases), and by changing global magnetization (a result of changes in magnetic anisotropy). 23 Charge mediated magnetism and ME coupling in LSMO/PZT multiferroic heterostructures has been extensively reported [31] [32] [33] [34] and some studies have ME coupling associated with the strainmediated effects across the FE/FM interface. However, to understand the ME coupling that is persistent from Angstroms to tens of nm length-scales, we need probes that are capable of disentangling coupled charge and strain effects with local and atomic scale sensitivity. In this article, we combine PNR and DFT to elucidate the mechanisms of charge vs. strain mediated ME coupling across the PZT/LSMO interface and we explore contributions from an external electric eld driven strain and charge mediated ME coupling.
Extensive experimental and theoretical work has been performed to understand magnetic modulations at LSMO/PZT interfaces. 18, 31, [33] [34] [35] [36] [37] [38] [39] [40] Vaz et al. 31 studied ME coupling effects across the LSMO/PZT interface and attributed the observed ME coupling to interface charge mediations. Using X-ray absorption spectroscopy (XAS), they demonstrated that the modulation of Mn-ion valency is responsible for polarization induced magnetism changes at the LSMO interface region. They also argued that the observed suppression of magnetization at the interfacial layer associated with charge accumulation was attributed to strongly depopulated 3d z 2 orbitals. This, in turn, favours the idea that super exchange interactions lead to the A-AF coupling at this interface. 23 The authors concluded that the origin of the observed ME coupling was completely charge mediated i.e. not strain -driven. Spurgeon et al. 34 studied the polarization surface charge screening, which induced magnetic phase gradients at LSMO/PZT interfaces. The authors utilized electron energy loss spectroscopy (EELS), PNR and DFT calculations to study the nature of magnetic phase transition across the interfaces. 34, 35 They also observed an asymmetrical magnetic phase gradient accompanied by a 30% difference in local FE polarization at the top and bottom interfaces. Interfacial spin state control of LSMO/PZT interfaces as a function of polarization orientations was studied by X. Ma et al. 36 They observed that the spin states of a one-unit cell containing Mn ions changed from FM to A-AF due to an exchange interaction without a net change in the bulk magnetization. Zhou et al.
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studied the thickness dependence of LSMO/PZT heterostructures on interfacial ME coupling by measuring valence states of Mn atoms from XAS and observed an increase in Mn valency with increasing thickness of LSMO/PZT. Recently, Mayer et al. investigated the evolution of magnetic moments at the LSMO/PZT interfaces using PNR. 38 The authors noticed that the surface and interface magnetization of LSMO was enhanced with the introduction of an FE capping layer. They observed enhanced interfacial magnetization for the polarization direction oriented towards interface and suppressed for the opposite direction. The thickness of the layer at the interface where the magnetization changed was found to be 2 nm, which agrees with the eld screening.
Burton and Tsymbal 39 studied the electric eld induced magnetic reconstruction on La 1Àx A x MnO 3 (LAMO)/BTO (A ¼ Sr, Ca or Ba) interfaces for LAMO residing at FM and A-AF phase boundaries. This comprehensive study conrmed the occurrence of an A-AF phase at the interfaces for every phase boundary of all hole doped manganites. Chen and Ismail-Beigi 18 studied ME coupling across LSMO/PTO interfaces using DFT. They found that the interfacial spin reconstruction of Mn atoms, resulted from carrier modulation due to polarization, are accounted for the changes in magnetization. Recently our group (M. Hammouri et al.) 40 utilized DFT to study ME coupling across the LSMO/PZT interface. We observed the modulation of interfacial magnetization due to the presence of antiferromagnetic (A-AF) and FM phases at the LSMO/PZT interface. We also noticed that the balance of the magnetic (A-AF and FM) modulation could be altered by an electric eld induced FE polarization.
However 34 Along with charge screening effects, many effects and phenomena that can contribute to magnetic modulations at the LSMO/PZT interfaces co-exist simultaneously. Issues that have not been addressed include (i) whether strain and charge mediation co-exist, (ii) and if so at what length scales do charge screening and the strain effect persists to contribute to the reported ME coupling?
To address these issues, we utilized PNR in consort with DFT calculations to understand the role of strain and charge mediated interfacial ME coupling in a heterostructure of LSMO/PZT. We utilized the Magnetism Reectometer at the Spallation Neutron Source, Oak Ridge National Laboratory to provide polarized neutron beams to the LSMP/PZT sample. 43 PNR is a probe that is particularly well suited for determining the nanostructures of magnetic thin lms and multilayers.
44,45

Experimental methods
Sample preparation and characterization
We utilized a substrate-induced self-poling technique to spontaneously pole the PZT layer during growth. 35 Initially, a $5 nm La 0.67 Sr 0.33 MnO 3 layer was deposited onto a bulk Nb-doped SrTiO 3 (001) (STO) substrate using pulsed laser deposition. This approach prescribes the appropriate electrostatic boundary to spontaneously self-pole the PZT "towards" or "away" from the STO substrate 35, [46] [47] [48] [49] next to x75 nm thick PbZr 0.2 Ti 0.8 O 3 . Finally, circular-shaped Pt contacts (gated as top electrodes) with a thickness of about 2-5 nm and area of 1.0 mm 2 were dcsputtered through a shadow mask. The choice for thin Pt electrode was motivated by earlier studies reporting better fatigue characteristics due to enhanced partial switching regions. 50 The Nb-doped STO served as the bottom electrode to the system.
Reciprocal space maps, obtained with the X-ray diffraction (XRD), of the system, show the lms are epitaxial and of good quality. Fig. 1(a) shows the peaks corresponding to PZT, STO and LSMO layers in the absence of an external electric eld, whereas 
Polarized neutron reectometry (PNR)
Bulk magnetometry probes are not sensitive to magnetic proles within the sub-nanometre range or to the individual magnetization contribution of layers comprising the heterostructure. 34, 38 PNR is a non-destructive probe capable of detecting magnetization proles along the directions of momentum transfer vectors Q z , for specular reection 51-53 and along Q x or Q y , for off-specular scattering. [43] [44] [45] 54, 55 The neutrons encounter the nuclear and magnetic potentials U(z) ¼ 2pħ 2 For our sample, we measured in-plane magnetization depth proles of the LSMO layer across the LSMO/PZT interface and modulations arising due to polarization induced interfacial charge screening and lattice distortions. This can be done by measuring only non-spin ip reectivity intensities (R ++ and R ÀÀ ), which gives net magnetic moments along the eld
directions. The calculated spin asymmetry ratio
is a measure of the normalized net magnetic moment along the eld direction. However, a non-collinear magnetization vector distribution results in spin-ip scattering intensities (R +À and R À+ ), which measures the in-plane sample magnetization proles perpendicular to the neutron polarization directions. The collection of these four reectivity intensities provides the entire in-plane magnetization of all layers comprising the sample along with the nuclear depth proles. The sample schematic used in this study with different layers, electrodes and the traditional set up for PNR is depicted in Fig. 2(a) .
Computational methods
We applied rst-principles computational methods based on density functional theory (DFT) 56, 57 to study the magnetoelectric coupling in the interfacial region between LSMO and PZT. The calculations were carried out using the Quantum ESPRESSO (open-Source Package for Research in Electronic Structure, Simulation, and Optimization) electronic structure code.
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Within the Quantum ESPRESSO code, the electronic wave functions were expanded using a plane-wave basis set with periodic boundary conditions. We employed the KleinmanBylander form 59 of norm-conserving ultra-so Vanderbilt pseudopotentials 60 in our calculations. The pseudopotentials were generated while considering the relativistic correction. The exchange-correlation energy functional was evaluated using the generalized gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof. 61 The plane-wave kinetic energy cutoff was set to 30 Ry for the wave functions and 300 Ry for the charge density and potential. The Brillouin zone was sampled according to the Monkhorst-Pack scheme.
62 Structural optimization was performed using the conjugate gradient algorithm. The optimization was carried out until all residual interatomic forces were smaller than 0.02 eVÅ À1 . The calculated total energies and equilibrium lattice parameters of all studied structures were tested for convergence with respect to the energy cutoff and the number of k points. The crystal structure of bulk La 0.67 Sr 0.33 MnO 3 was modeled using a 1 Â 1 Â 6 tetragonal supercell containing 30 atoms. The Brillouin zone was sampled with an 8 Â 8 Â 3 k-point mesh. To improve the accuracy of the theoretical description of the magnetic properties of LSMO, we used the Hubbard-corrected GGA+U exchange-correlation functional [63] [64] [65] for Mn atoms. The Hubbard parameters for the Coulomb and exchange interactions were selected to be U ¼ 2 eV and J ¼ 0 eV, respectively. These parameters have been used in previous DFT studies of the electronic and magnetic properties of LSMO. The optimized structures of tetragonal supercells for bulk LSMO, bulk PZT, and the LSMO/PZT (001) interface were calculated by DFT. 40 A positive and negative uniaxial strain was applied to the modeled structure by expanding and contracting the size of the supercell in the direction orthogonal to the LSMO/PZT interface by AE1.5% and AE3%. Aer that, the structure of the LSMO/PZT interface was optimized by simultaneously relaxing the positions of all atoms and the lattice parameters in the plane parallel to the interface, while keeping the lattice parameter in the direction orthogonal to the interface constant.
Results
PNR results
PNR was conducted on Magnetism Reectometer at 298 K with an in-plane applied magnetic eld of 1 T along [100] sample direction. The model tted normalized reectivity intensities, shown in Fig. 2(b) , give the nuclear (NSLD) and magnetic (MSLD) scattering length density proles, which are plotted in Fig. 2(a) . For the entire sample, NSLD only changes at the interfaces between different layers showing different nuclear contents and such contents are uniform over each layer. The MSLD is only sensitive to the magnetic layer LSMO and does not distinguish the contrast between different non-magnetic layers, giving zero MSLDs for Pt, PZT, and STO. There is an enhanced MSLD throughout the LSMO nano-layer with discontinuities at PZT/LSMO and LSMO/PZT interfaces, which reveals that the LSMO layer has non-zero magnetic moments. The accuracy of NSLD and MSLD depend on the data quality determined by the quality of sample and experimental statistics of the data. The periods of oscillation give the thickness of the lm and the slope of the curves give roughness. The layer thickness of LSMO given by the t is close to the actual thickness of 5 nm and layer interfaces seem almost sharp.
To understand the ferroelectric polarization induced magnetic modulations at the PZT/LSMO interface, PNR magnetic depth proles of LSMO for different polarization states are shown in Fig. 2(d) . Magnetic depth proles in the gure are not uniform and a few unit cells of magnetic dead layers are distinctly visible at le interfaces, which is attributed to the polarization of the ferroelectric PZT layer. Such changes in magnetization prole at the interface due to electric polarization are caused by magnetoelectric coupling. Polarization surface charges are produced at both surfaces of PZT, with polarization pointing either towards or away from the interfaces. These PZT surface charges screen the charges of equal and opposite sign at the LSMO interface to modulate the carrier concentrations either by accumulation or depletion of holes. Carrier modulation is restricted to only a few unit cells because of Thomas-Fermi screening lengths. 66 Our LSMO is optimum doped half metal with a concentration of 0.33, which has larger screening depths as compared to metallic conductors. Therefore, the electric eld induced interfacial magnetic modulations on LSMO are strongly noticed as shown in Fig. 2(d) . For positive polarization with a eld of +2 V (i.e. polarization pointing towards the interface), the magnetic modulation is almost zero because the depletion of holes cannot switch FM into A-AF phase as the screening charges at the LSMO surface would not be enough to achieve that. The hole depletion drives the magnetic phase towards the le of ferromagnetic metal (FMM) phase (x < 0.33) that may bring LSMO interface towards the ferromagnetic insulator (FMI) phase, thereby stabilizing the ferromagnetic phase at the expense of Curie temperature. 67 If the polarization is negative, i.e. it points away from the interface due to the eld of À2 V, accumulation of holes takes place at the LSMO interface due to positive screening charges. Few unit cells of LSMO at the interface are modulated as it undergoes a phase transition from FMM to AFM close to x ¼ 0.5, thereby suppressing the FM phase. This phase transition favors the super-exchange interactions ipping the magnetic moments of Mn atoms close to the interface and hence magnetic reconstruction may arise within a few unit cells (2 nm) of LSMO. The PZT layer will be in a self-polarized state at zero eld with polarization pointing away from the interface and will still accumulate holes at the LSMO interface, modulating magnetization due to the presence of almost same AF layer that was for À2 V. This supports the strong interplay between charge and spin degrees of freedom in manganites. Such interfacial modulation is accompanied by an increase in bulk magnetization for two accumulation states (i.e. for À2 V and 0 V) as compared to depletion (i.e. for +2 V). Within the FM-metallic phase, the magnetization of the LSMO layer becomes proportional to doping concentration as a higher hole concentration provides strong double exchange interactions to hop more carriers between Mn 3+ and Mn
4+
. This is consistent with the increase in bulk magnetization of LSMO while going from +2 V to À2 V through 0 V as a result of tensile and compressive strains along with charge modulations due to applied elds. The strain coupling on magnetostrictive LSMO from the PZT layer modulates the magnetism and such modulations vary from interface to the surface. 35 Therefore, strain effects are mostly contributing to bulk magnetic modulations whereas charge effects are only limited to interfaces modulations as shown in PNR. Fig. 2(e) shows the spin asymmetry ratio as a function of Q z . This gives the orientation of magnetic moments perpendicular to the interface.
DFT results
In order to give the quantitative contributions to magnetism modulations, observed in PNR, from charge and strain mediated effects due to applied elds, we simulated different values of uniaxial strains (tensile and compressive) by compressing and relaxing LSMO/PZT along [001] from DFT calculations. Electronic charge distributions across the interface as the inuence of applied simulated uniaxial strains are shown in Fig. 3(a) . The vertical axis displays the deviation of the Löwdin atomic charges for the Mn, Ti and Zr atoms at the LSMO/PZT interface from those in bulk LSMO and bulk PZT. Due to the use of periodic boundary conditions, a layer of LSMO in our theoretical model was sandwiched between two layers of PZT. The polarization of PZT was directed away from the surface of LSMO on the le side of the LSMO layer and towards the surface of LSMO on the right side of the LSMO layer. As expected, our calculations predicted a decrease of electronic charges at the le PZT/LSMO interface and an increase of electronic charges at the right interface. The observed charge variations could be explained by the electrostatic screening of ferroelectric PZT by half-metallic LSMO. The polarization of PZT produced a negative surface charge at the le PZT/LSMO interface and a positive surface charge at the right LSMO/PZT interface. The polarization surface charge of PZT was screened by charge carriers from LSMO, resulting in a lower electron density (higher hole density) at the le PZT/LSMO interface and a higher electron density (lower hole density) at the right LSMO/PZT interface. It is interesting to note, that the applied uniaxial strain did not signicantly change the distribution of charge density across the LSMO layer. The only noticeable change of charge density distribution occurred near Zr atoms within the PZT layer. This result suggests that the applied strains/elds have no signi-cant inuence on the charge accumulation and depletion across the LSMO/PZT interface.
To investigate the inuence of PZT polarization and applied uniaxial strain on the magnetic properties of the LSMO/PZT interface, we calculated the total energies and magnetic moments of the LSMO/PZT interfacial region in different magnetic congurations. According to the phase diagram of tetragonal manganites reported by Fang et al., 69 bulk LSMO has ferromagnetic (FM) order of Mn magnetic moments at the Sr doping level of x ¼ 0.33 and the lattice ratio c/a ¼ 1. An A-type antiferromagnetic (A-AF) order is favored when the c/a lattice ratio is reduced to approximately 0.97. Other types of magnetic order, such as C-type AF and Gtype AF, are expected to be signicantly higher in energy if the c/a lattice ratio is close to 1.0. In agreement with the phase diagram of tetragonal manganites, our calculations predicted that the FM conguration was lower in energy than the A-AF conguration for bulk La 0.66 Sr 0.33 MnO 3 . In contrast, we found that the LSMO/PZT interfacial region generally favored a mixed magnetic conguration with FM layers on the right side where the polarization of PZT pointed towards the surface of LSMO and A-AF layers on the le side where the polarization of PZT was directed away from the surface of LSMO. The dependence of the total energy of the LSMO/PZT interfacial region on the magnetic conguration of LSMO for different values of applied uniaxial strain is shown in Fig. 3(b) .
In the absence of applied strain, the magnetic congura-tion with a single A-AF layer on the le side of the LSMO slab had the lowest total energy. 40 A positive strain stabilizes the FM magnetic conguration of LSMO and decreases the number of A-AF layers on the le side of the LSMO slab, whereas a negative strain stabilizes the A-AF magnetic conguration of LSMO and increases the number of A-AF layers on the le side of the LSMO slab. This result is consistent with the increase in bulk magnetization while switching from +2 V to À2 V in experiment. The lowest-energy magnetic state of the LSMO slab was found to be completely FM for 3 $ 3%, and completely A-AF for 3 # À3%. Fig. 3 (c) presents a schematic illustration of the inuence of applied uniaxial strain on the distribution of magnetization across the LSMO/PZT interfacial region. The number of A-AF layers on the le side of the LSMO slab in the lowest-energy magnetic conguration increased with a negative applied strain (compression) and decreased with a positive applied strain (expansion). A simulated magnetic prole of the LSMO layer for different values of applied strain is displayed in Fig. 3(b) . The simulated prole was obtained as a statistical distribution of the FM, A-AF, and mixed FM/A-AF LSMO/PZT magnetic congurations at T ¼ 300 K and B ¼ 0.1 T. Our study demonstrated the possibility of the existence of a layer of A-AF LSMO at the le LSMO/PZT interface, where the polarization of PZT was directed away from the surface of LSMO. The presence of the A-AF phase of LSMO in the LSMO/PZT interfacial region could be responsible for the presence of a nonmagnetic layer near the LSMO/PZT interface shown in Fig. 2(c) . We found that a positive strain increased, and a negative strain decreased the magnetization of LSMO. The results of our calculations demonstrated that the spatial distribution of magnetization inside the LSMO slab is strongly inuenced by the direction of the PZT polarization and by the applied strain.
When an electric eld is applied to the ferroelectric layers, the modulation of carriers at the interfaces and distortion of lattices in response to the direction of the eld take place simultaneously. This implies that charge and strain mediated effects are contributing collectively to modulate magnetic properties across LSMO as shown from PNR and DFT. The lattice distortion results as the strain is transferred to the magnetic layers from the FE layers, thereby changing the magnetic properties of the interfacial region due to magnetostrictive effects. To explore the interplay between electric eld induced strains and bulk magnetic moments, we simulated magnetic phases on LSMO for different values of applied strain because the magnetic properties of LSMO strongly depend on the lattice parameters. The number of A-AF layers at the le interface shown in Fig. 3(b) and (c) corresponds to the magnitudes of bulk magnetization/magnetic moments of LSMO but does not represent the length of interfacial ME coupling as charge effects are less noticeable, as explained by the DFT results. Fig. 3(c) shows that out of plane compressive strain decreases magnetization of LSMO and out of plane tensile strain increases magnetization of LSMO regardless of the polarization direction of PZT i.e. for both accumulation and depletion. This is because the coupling of strain and magnetism is directly related to the distortion of MnO 6 octahedra, 12 where altering Mn-O bond angles triggers the Jahn-Teller distortion that directly affects the double-exchange mechanism. Even at the zero strain the co-existence of FM and A-AF phases is exhibited. This is attributed to the competition between two phases as LSMO shis towards the A-AF phase for the negative polarization. The hopping of e g electrons is inuenced by the strain states as the out of plane compressive strain reduces the hopping probability by increasing the bond lengths and decreasing the kinetic energy of the hopped electrons. Therefore, the A-AF phase starts to dominate the FM phase for larger compressive strains. For tensile strains, the electron hopping probability is very high, as there is a reduction in the Mn-O bond lengths and 3-D hopping starts to work, which favors double exchange interactions and increases the FM phase for larger tensile strains as illustrated in Fig. 3(c) . The phase evolution of LSMO can also be explained in terms of orbital reconstructions. Since the e g electron orbital is doubly degenerated, such degeneracy can be lied by either compression or elongation of Mn-O octahedra called Jahn-Teller distortions; which implies either favoring d 3Z 2 Àr 2 or d x 2 Ày 2, i.e. either imposing tensile or compressive strains. 18, 70 Ferromagnetic ordering is isotropic along x-, y-and z-direction, but A-type antiferromagnetic ordering is intralayer ferromagnetic and out of plane interlayer antiferromagnetic.
18 Under a compressive strain, the d 3Z 2 Àr 2 occupancy decreases resulting in a lowering of the fraction of the FM phase. In contrast, a tensile strain increases the d 3Z 2 Àr 2 occupancy that increases the fraction of the FM phase thereby increasing hopping along the c-direction.
Discussion
Since the LSMO phase diagrams are studied as the function of dopant concentrations and tetragonal distortion (c/a), 69 the compressed and relaxed LSMO/PZT structure in DFT calculations along the [001] direction gives different values of tetragonal distortion, which also brings LSMO into different strain states. The magnetic phase evolution at the interfaces and variation of magnetic moments throughout the LSMO layer as a function of tetragonal distortions are obtained from those calculations. In the experiment, several positive and negative voltages are applied along the [001] direction in a complete polarization hysteresis loop, but the only +2 V, À2 V and 0 V values have been measured in PNR. Measurements at 0 V (with residual tensile strain), +2 V and À2 V were performed while going from negative to positive voltages to complete the buttery loop like strain versus electric elds curve. In this way, 0 V and +2 V have the tensile strains and À2 V has the compressive strain. In DFT calculations, the effect of the negative (positive) voltage was modeled by applying a tensile (compressive) out of plane strain to the modeled interface. PNR results show that there are magnetically dead layers of $2 nm for the À2 V and 0 V and the magnetization increases while going from 0 V to À2 V. In contrast, for the +2 V, the total magnetization decreases with the absence of dead layers.
Since the applied electric eld not only distorts the lattices but also polarizes the PZT layer, these results can be explained with the strain states simulated in DFT and the charge modulation on LSMO due to charge screening from PZT polarization. According to the phase diagram of tetragonal manganites reported by Fang et al., 69 the magnetic phase modulations at interface and bulk regions are jointly inuenced by strain states from tetragonal distortion of LSMO and hole concentration.
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The entire region above the phase boundary line is FM and below is A-AF phase. For DFT calculations, the magnetic phases are only studied residing on the nominal hole doping (x ¼ 0.33), shown by vertical red line in Fig. 4 . The obtained results from both studies are tentatively consistent with the phase diagram from Fang et al. that LSMO shows the mixed phase of FM and A-AF phases at c/a ¼ 0.97 and x ¼ 0.33. When accumulation tends towards x > 0.33, LSMO undergoes transition to the A-AF phase, but the depletion brings towards x < 0.33 that leads to FM-phase as shown in Fig. 4 . Moreover, for c/a $ 0.97 with hole depletion, LSMO shis towards the FM phase and for c/a # 0.97 with hole accumulation LSMO shis towards the A-AF phase as shown in the phase diagram. 71 A larger c/a ratio results in the FM phase, whereas a smaller c/a ratio results in the A-AF phase. Interfacial A-AF layers appear when the PZT polarization points away from the interface and the FM phase appears when the PZT polarization points towards the interface. Our DFT calculations demonstrate that coupling between the PZT and LSMO layers signicantly enhances the sensitivity of the magnetic congu-ration of LSMO to the applied strain. The high sensitivity of the magnetic conguration of LSMO to the applied strain can be explained by the coexistence of FM and AFM phases in the PZT/ LSMO interfacial region. The simultaneous presence of FM and AFM phases near the PZT/LSMO interface can explain the experimentally observed variations of the magnetic proles within the LSMO layer. Experimental results can be compared with the phase diagram residing at three LSMO doping concentrations corresponding to À2 V, 0 V and +2 V. The interfacial magnetization is suppressed with the formation of a magnetically dead layer up to $2 nm accompanied by the increase in bulk magnetization for 0 V and À2 V. However, the width of the interfacial magnetically dead layer for a negative polarization decreases while going from 0 V to À2 V, i.e. increasing the out of plane tensile strains, which is consistent with the DFT predictions shown in Fig. 3(c) . The bulk magnetization has increased while going from 0 V to À2 V, as more Mn 3+ ions nd their Mn 4+ counterparts to have double exchange coupling due to the increase in hole concentration from x ¼ 0.33. The LSMO layer has suppressed magnetization up to larger distances for +2 V, but still remains in the FM phase. This result and tetragonality c/a. 69 LSMO experiences a compressive strain when grown on STO. The phase transitions due to accumulation and depletion of holes in LSMO and varied tetragonal ratios of the sample are shown.
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can be explained by the depletion of holes which decrease the total magnetization. The bulk and interfacial magnetic modulations for the three applied voltages are consistent with the results of our calculations, as the magnetization is increasing with increasing the values of the c/a ratio while going from +2 V to À2 V with 0 V in between. However, the length of A-AF layer has not increased in PNR while applying À2 V from 0 V, this might be a reason that the presence of Pt capping layer generally reduces the nominal hole concentration. 71 Therefore, a tensile strain increases the magnetization and introduces the interfacial A-AF layer, whereas a compressive strain reduces the magnetization and retains its ferromagnetic phase intact at the interface.
Conclusions
In summary, this study was conducted to observe what magnetic properties at the interface can strain and charge mediated effects (separately or jointly) modulate and how? PNR results show the interface undergoes ferromagnetic to A-AF phase transition for the polarization pointing away from the interface due to hole accumulation and remains ferromagnetic for polarization pointing towards interface despite the hole depletion. As these modulations are only limited to the interfaces and giving same length scales (<2 nm) of coupling for different tensile strains (at 0 V and À2 V) and no coupling for compressive strain (at +2 V), these are of completely electrical origin or charge mediated. This implies that charge mediated effects are only polarization direction dependent. Moreover, DFT calculations show an increase in global magnetization of the LSMO layer has observed while going from compressive to tensile strains and from lower to higher tensile strain values. As this modulation of global magnetization is irrespective of interfacial charge modulations, it is completely strain mediated effect and dependent on strength of polarization and its direction. The results from PNR and DFT are consistent to prove these ndings. From these, we can conclude that charge and strain effects act in tandem to modulate the magnetism at the interface even though the strain-mediated effect is dominant over charge effects. Furthermore, interfacial ME couplings are only depending on polarization direction, but global magnetization depends on both direction and magnitude of polarization.
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